We present evidence to support the idea that Stochastic Resonance (SR) and Brownian Ratchets (BR) share underlying physical principles. We examine the special case of a discrete-time ratchet, called Parrondo's games, and show that the addition of noise increases the rate of flow in the ratchet up to a certain point, after which the addition of further noise causes the rate of flow to decrease. We argue that the rate of flow of particles in a BR is analogous to the rate of flow of information in the case of SR.
Introduction
The etymological root of the word "noise" is mooted to be the Latin word noxia, to hurt, or possibly: nausea, meaning disgust or sickness. The very concept of noise involves the idea of something harmful or unpleasant. This is certainly the traditional attitude to noise in electrical circuits. The Shannon-Hartley-Tuller law [1] states that
where C is the maximum mean information rate of the channel in bits per second, B, is the bandwidth in hertz, S is the average signal power in watts and N is the random noise power in watts. The channel capacity of a linear system is clearly limited by noise. The flow of information through the channel decreases uniformly as the noise power is increased. However, when the system is nonlinear, noise can play a constructive role. This is clear in the cases of Brownian Ratchets (BR) and Stochastic Resonance (SR). It is possible that these are really two completely unrelated phenomena that only appear to be related because of the use of the word of "constructive" to describe both systems. Alternatively, there may be common underlying physical principles in both phenomena. The distinction between these two very different possibilities is an important open question. Some authors Bier [2, 3] , Berdichevsky & Gitterman [4] and Astumian & Moss [5] have all alluded to a connection between SR and BR. Abbott [6] has noted that asymmetry is present in both situations and has postulated that any common mechanism must depend on asymmetry. Gammaitoni et al. [7] have pointed out that stochastic resonance can be described in terms of the solution to the Fokker-Planck equation:
where the variables are as defined in [7] . The Fokker-Planck equation is also used by many authors, including Doering [8] , to analyze Brownian ratchets. It is quite possible that a general connection between SR and BR may be established through a careful analysis of the Fokker-Planck equation. More information about the methods of solution and the applications of the Fokker-Planck equation can be found in Risken [9] . At the present time, the authors cannot find any reference in the literature which directly connects SR and BR through a mathematical formalism. In this paper, we demonstrate stochastic resonance in the special case of a discrete-time Brownian ratchet, called Parrondo's games.
Brownian Ratchets and Parrondo's Games
A Brownian ratchet is a particular type of heat engine, in which the Brownian motion of small particles is controlled and directed using a modulated field. Real Brownian ratchets have been constructed and have been found to work [10] [11] [12] [13] [14] . Parrondo's games [15, 16] are a pair of games that were devised by Parrondo to provide a very simple illustration of the principles of the flashing Brownian ratchet [17] . These games were originally derived from a flashing Brownian ratchet [16, 18, 19] .
The games are labelled as Game "A" and Game "B". They have the curious property that an indefinite sequence of Game A is losing; an indefinite sequence of Game B is losing but randomized sequences of Games A and B, such as {ABBAB · · ·}, are winning. It is possible to non-deterministically combine two "losing" games together to produce a "winning" result! This counter-intuitive behavior is possible because the games have internal states.
In the original formulation, the conditional probabilities of winning or losing depend on the state, k, of capital but not on any other information about the past history of the games:
• Game A is a toss of a biased coin:
where is an adverse external bias that the game has to "overcome". This bias, , is typically a small number such as = 1/200, for example [18, 19] .
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• Game B depends on the capital, k:
If (k mod 3) = 0, then the odds are unfavorable.
If (k mod 3) = 0, then the odds are favorable.
It is straightforward to simulate a randomized sequence of these games on a computer using a very simple algorithm [16] .
There are a number of ways to explain the behavior of Parrondo's games. The "Boston Interpretation" views it as a noise-induced phenomenon as follows: Game B loses when played alone, because the k mod 3 internal state biases the game towards the unfavorable branch in (4). The random mixture of Game A in with Game B acts as noise that breaks up the internal state and tilts the bias towards the favorable branch in (5). This has been mathematically formalized by Harmer et al. in [16] and it is the noisy behavior of Game A that we shall exploit in our demonstration of stochastic resonance.
Stochastic Resonance
Stochastic Resonance (SR), [7, 20, 21] is a phenomenon where a signal can be enhanced by noise. In these systems, the addition of some noise to the input actually increases the available information at the output. Generally, the signal is considered to be auto-correlated and has a non-zero auto-correlation function for at least some finite time delay. The system is generally considered to have stable modes or at least thresholds. Recent work by Bezrukov and Vodyanoy [22] suggests that thresholds or barriers may not actually be necessary. The outer limits of what constitutes SR may be quite wide and are not yet completely determined [6] .
To show that Parrondo's games exhibit SR, we need to show that the relationship between added noise, due to Game A and the time-rate of change in capital, k, has the appropriate form. This was achieved using a simulation in Matlab. We created a parametric graph of the return from the randomized Parrondo process as a function of increased noise power due to the presence of Game A. This is shown in Fig. 1 and clearly has the form of a stochastic resonance curve.
The solid line represents the theoretical prediction for the time-averaged process. The games were formulated as discrete-time finite Markov chains. This naturally gives rise to matrix formulation of the games:
where v t represents the time varying probability vector, at time t, and C = [c i,j ] represents the time-averaged game, C = γA + (1 − γ) B, and γ is the probability of selecting Game A. The individual coefficient c i,j is the conditional probability that the player will be in state k = j after the next round of the games given an Additional variance rate, due to game A Additional mean rate, due to game A Stochastic resonance in Parrondo's games Fig. 1 . The parametric relationship between variance and return. As more of Game A is added to Game B there is a dual effect. Game A adds more noise to the process and increases the time-rate of increase of the variance, or noise power. The addition of more Game A also reduces the dependency of the whole process on the mod3 states of Game B and allows the barriers in Game B to be penetrated. Too much Game A will eventually degrade performance. This leads to the characteristic SR curve, shown above. The Y coordinate were numerically calculated using Eq. (9). The X coordinate was defined in terms of Eq. (10). It is not the mixing parameter γ. It is the difference in the rate of increase in variance due to the presence of game A. This is equivalent to a diffusivity or, alternatively, to the noise power contributed by the presence of game A.
initial condition of state k = i. The simple matrix Eq. (6) follows from the laws of conditional probability. The matrices A and B are defined in the same way.
The moments required for Fig. 1 were evaluated numerically by calculating the time-varying probability vector, v t , and calculating the relevant weighted sums. More explicitly, the first moment is defined as:
and the central second moment, or variance, is defined as
Stochastic Resonance in a Brownian Ratchet L243
The rates of change of these moments were estimated in terms of finite differences:
The rates of change in the moments were used to draw the parametric curve for the solid line in Fig. 1 . The scattered data points in Fig. 1 were the results of direct simulations of Eq. (3), Eq. (4) and Eq. (5). The sampled points are the results from finite simulations. We place the following interpretation on the results:
• The signal in this case is the potential rate of return from the "good" part of Game B.
• The barrier in this case is the "bad" part of Game B which leads to a certain distribution of states which prevents a winning result.
• The noise in this case is the "randomness" added by Game A.
• Noise allows the penetration of the barriers.
• Barrier penetration allows an increased rate of return.
• One can visualize Game B as a 3-state Markov chain, with detailed balance at = 0. By introducing the random behavior of Game A, the resulting drift in capital is clearly a case of noise-induced breaking of detailed balance.
• The asymmetry of the system is embodied in the structure of Game B.
Conclusions
Bier [2, 3] , Berdichevsky [4] and Astumian & Moss [5] have previously suggested that there is an connection between Brownian ratchets and stochastic resonance.
We demonstrate an actual quantitative stochastic resonance curve in a particular Brownian ratchet example for the first time.
The most important open problem is to generalize this relationship to include all classes of Brownian ratchet. Given that Parrondo's games are really a particular way of sampling the Fokker-Planck equation and that stochastic resonance and Brownian ratchets can be represented in terms of solutions to the Fokker-Planck equation, then it is likely that the general solution to the open problem will come from a careful consideration of the properties of the Fokker-Planck equation.
